There is a recent surge of interest in amplification and detection of tiny motion in the growing field of opto and electro mechanics. Here, we demonstrate widely tunable, broadband and high gain all-mechanical motion amplifiers based on graphene/Silicon Nitride (SiNx) hybrids. In these devices, a tiny motion of a large-area SiNx membrane is transduced to a much larger motion in a graphene drum resonator coupled to SiNx. Furthermore, the thermal noise of graphene is reduced (squeezed) through parametric tension modulation. The parameters of the amplifier are measured by photothermally actuating SiNx and interferometrically detecting graphene displacement. We obtain coupling gain of 38 dB and an overall sensitivity of 17 fm/ √ Hz, close to the thermal noise limit of SiNx. Our results suggest that graphene resonators have potential as tunable, quantum-limited motion transducers and amplifiers at room temperature.
Measuring small forces with high precision has been a major goal in fields ranging from gravitational astronomy to atomic force microscopy [1] [2] [3] . Mechanical resonators of low mass and high quality factor (Q), that operate by converting force into displacement, have been a dominant choice for such detectors. Resonators based on two-dimensional (2D) materials such as graphene 4,5 , with Q > 2 × 10 4 at cryogenic temperatures, have enabled detection of forces at a record level, down to zeptonewtons 6,7 . However, Q of graphene resonators decreases by orders of magnitude at high temperatures. Alternatively for room temperature operation, more traditional Silicon Nitride (SiNx) resonators with Q above 2 × 10 7 and force sensitivity of attonewtons have been developed 8, 9 . Significantly larger mass of these resonators compared to graphene leads to small amplitude of the force-induced motion. Accordingly, a variety of transducers have been proposed to amplify tiny motion [10] [11] [12] . Traditionally, optical interferometers have enabled detection of resonator displacements at unprecedented precision. At the same time, high optical power used in such interferometers often leads to heating and is particularly severe for microresonators in restricted on-chip environment. A variety of auxiliary on-chip motion pre-amplifiers and transducers have been proposed and demonstrated to improve detection sensitivity without additional heating. These include tunnelling point contacts [13] [14] [15] , superconductors with capacitive coupling 6, 7, 16 and microwave cavities 17 , all demonstrating high gain and sensitivity 11, 12 . However, reliable and robust amplification of motion remains challenging. In particular, stringent coupling requirements of these transducers to the target resonator result in low device yield. Furthermore resonant nature of such amplifiers designed at a specific frequency compromises on tunability, and their high Q leads to a narrow detection bandwidth.
Here we realize a highly tunable, broadband, highgain, all-mechanical motion amplifier 18, 19 at room temperature that is based on SiNx/graphene hybrids. Our goal is to amplify motion of the target resonator, a large area SiNx membrane. A monolayer of graphene is deposited onto holes etched on the SiNx. The supported part of graphene is coupled to the SiNx by robust Van der Waals forces. The graphene pre-amplifier operates as follows: by electrostatically controlling the tension of the suspended graphene resonator, its mechanical modes are brought into resonance with the target mechanical mode of SiNx. Coupling between the resonators together with large disparity of their masses leads to amplification: a tiny motion of SiNx is converted into much larger motion of graphene, which is eventually detected by optical interferometry. Comparing SiNx to graphene displacement power spectra, we measure amplification with an average gain of 36.8 dB in 5 resonators. Furthermore, by modulating the intrinsic tension of graphene, we demonstrate parametric gain accompanied by 4.7 dB suppression (squeezing) of graphene's thermal noise in one motion quadrature. Our results indicate that with additional feedback squeezing of the thermal noise 20 along with side-band cooling of the amplifier mode temperature 21,22 , graphene-based motion amplifiers can reach quantum-limited performance at room temperature.
Experimental setup: At the heart of the experiment is a large area (320×320 ×0.3 µm 3 ) SiNx membrane covered by a 20 nm-thick layer of gold (Au), with holes of diameters 15 and 20 µm etched in it. A monolayer graphene is mechanically transferred onto the entire structure. A conductive silicon chip is placed 30 µm below graphene/SiNx and separated from it by a layer of insulating material 23 . Separate electrical contacts are made to SiNx/Au/graphene and bottom Si and the entire structure is placed inside a vacuum chamber. All measurements are done at room temperature and 10 −2 mbar pressure. While measurements were done on five devices, we focus on the data from two of them. The built-in tension of SiNx in device A is 600 MPa, estimated from rather sparse vibrational modes of that device (Fig.  1d) A frequency and power stabilized external cavity diode laser acts as a probe for a confocal microscope in an interferometric configuration. One arm of the microscope is actively stabilized. Graphene is actuated by applying a gate voltage between it and the substrate whereas SiNx is actuated by periodically heating it with an external laser beam. Light reflected from graphene or SiNx is detected by a photodetectors and analyzed either by a spectrum analyzer or a lock-in amplifier. membranes is independently actuated and detected. To probe the motion, a fiber-based confocal microscope (laser power ∼ 0.4 mW) is focused on either graphene or SiNx, while weak motion-induced modulation in the reflected signal is amplified and recorded by an interferometer in Michelson configuration (Fig. 1b) . The sensitivity of the interferometer is determined to be 200 fm/ √ Hz (at the probe power of 0.4 mW). Graphene is actuated electrostatically by applying an oscillating voltage V g between it and the gating chip. This modulation is too small to drive heavier SiNx membrane. Instead, SiNx is driven photothermally by periodically heating it with laser beam of optical power ∼ 3.4 mW incident at an angle.
Graphene and SiNx resonances: When the microscope is focused on graphene, distinct peaks are visible in the power spectrum of the reflected light, even when the membrane is not driven externally (Fig. 1c) . These peaks correspond to the resonant drum modes of suspended graphene excited by Brownian motion 25 . We use the equipartition theorem to convert the measured optical power spectrum into displacement power spectrum 24, 26 . For the fundamental mode, the root mean square displacement is around 160 pm. Along with the fundamental mode (ω 0 /2π = 3.32 MHz at V g = 0) several higher order modes are typically visible 24 . The modes match well to simulated modes of circular membrane with anisotropic tension and quality factor ∼ 200 24 . When a static gate voltage V g is applied, the mode frequencies upshift, indicating increased tension 27 (Fig. 1c ). Graphene/SiNx coupling and gain: (a) Blue curve is a displacement spectrum of undriven graphene at Vg = 420 V, close to resonance with SiNx (cf. Fig. 1c ). Red curve is a fit to the data using the bi-linear interaction model described in the text. (inset) Avoided level crossing with static gate voltage (detuning) (b) A displacement power spectrum measured on graphene (red curve) and on SiNx (green curve and separately in the inset) for driven SiNx. A gain of Gc ∼ 38 dB is extracted by comparing the two spectra. The broad shape of the peaks in the red curve is set by thermal spectrum of graphene, dominating the total added noise.
For the significantly heavier SiNx membrane, we estimate the amplitude of thermal motion to be 10 fm/ √ Hz, below our interferometer detection limit. To convert the detected power spectrum on SiNx to displacement, we use the thermal spectra of graphene correcting for difference in surface reflectivity while carefully maintaining all other detection parameters. When the membrane is driven photo-thermally, multiple peaks with small frequency spacing and higher quality factors (Q s ∼ 3,000) are visible (Fig. 1d) . The frequencies of these modes are nearly independent of V g , as the tension induced by electrostatic pulling is significantly smaller compared to the built-in tension of SiNx. Simulation suggests that these modes correspond to modes of a square membrane 24 .
We use electrical gating to bring one mode of graphene in resonance with a mode of SiNx. Such resonance conditions are fulfilled for modes marked by red triangles in Figs. 1c,d at ω/2π = 4.17 MHz. Around the degeneracy, the modes are coupled and hybridized 28 . Indeed, we observe a sharp splitting in the Brownian mode of graphene (Fig. 2a, blue curve) . Moreover, two split peaks exhibit an avoided-crossing pattern vs. V g around degeneracy, a tell-tale sign of inter-mode interaction (Fig. 2a, inset ).
All-mechanical amplifier:
We now focus on the use of graphene as an all-mechanical amplifier of SiNx motion. Experimentally, we observe amplification in device A by weakly driving the SiNx mode photo-thermally, while recording the power spectrum both on SiNx and graphene. When graphene mode is not in resonance with SiNx, photo-thermal driving of SiNx does not affect the spectrum of graphene. However, on resonance, we observe a peak in graphene displacement power spectrum S x,g (Fig. 2b , red curve) which is much larger than that measured on SiNx, S x,s (Fig. 2b , green curve and inset). Ratio of the two peak heights is the coupling gain of our all-mechanical amplifier G c = S x,g /S x,s ∼ 6.2 × 10 3 (38 dB). We find an average gain of 36.8 dB across the range of 5 measured devices. We note that the frequencydependent gain spreads over a relatively large band-width of ∼ 38 kHz 24 . To quantitatively analyze the amplifier parameters, we use a simple model of graphene and SiNx resonators (vertical displacements x g and x s ) interacting via bilinear coupling αx g x s 24 . The Brownian noise spectrum of graphene/SiNx fits well with the model (red trace in Fig. 2a ) with α/4π 2 ∼ 2.2(±0.06) × 10 −3 kg Hz 2 for device A. The same model predicts an on-resonant gain
∼ 57 dB, much larger than the observed value of 38 dB (m g is mass and γ g /2π -damping of graphene). We ascribe this discrepancy to an underestimation of m g due to surface contaminants 27 as well as limitation of the linear graphene resonator model for large measured displacements (∼ 500 pm)
29 . Detection sensitivity of the graphene amplifier is limited by the noise of interferometric detector S I0 ∼ 200 fm/ √ Hz (at 0.4 mW probe power) along with the Brownian noise added by graphene, S th x,g ∼ 2.33 pm/
√
Hz. When referred back to minimum detectable displacement on SiNx, the resultant sensitivity (imprecision noise) is
For device A, we estimate S It is dominated by the Brownian motion of graphene. Further improvement therefore requires either a boost in gain or a reduction in thermal fluctuations of graphene.
Squeezing of thermo-mechanical noise:
We add a second stage of amplification by parametrically driving graphene resonators [30] [31] [32] [33] . Parametric amplification is studied in device B with a linear gain of 38 dB driven by actuating SiNx. Tension of the device is modulated at twice its resonant frequency by applying an AC pump (Fig. 3a) . This gain is phase(φ p )-dependent, with maximum at φ p = 45
• and minimum at φ p = 135
• . With increasing pump V 0 p , the graphene enters into a self-oscillation regime at a critical voltage V c p ∼ 5.2 V (Fig. 3b and inset) .
In presence of the pump, fluctuations in the signal (graphene displacement) become phase-dependent as well. This is particularly evident when we measure the two quadratures X and Y of graphene motion, defined as x g (t) = X cos(ω 0 t) + Y sin(ω 0 t), with a dual chan- • and V 0 p = 4.5 V. We observe a decrease of 4.7 dB in σ 2 X1 when compared to its value in absence of pump. This is a clear signature of parametric squeezing. To the best of our knowledge, this is the first observation of thermo-mechanical squeezed states in 2D resonators.
The observed squeezing improves performance of the amplifier. The corresponding detection sensitivity lowers due to reduction of the thermal fluctuations along X 1 . For parameters in Fig. 3c at V p = 4.5 V, the overall gain is G = G p × G c ∼ 32.3 dB and the estimated measurement sensitivity is 17 fm/ √ Hz. Instead of optimizing sensitivity, one can also simply boost up the overall gain to ∼ 47 dB (for parameters in Fig. 3c , inset at V p = 3.5 V) with a corresponding large modulation to detect. However, in this case the squeezing is less, with the sensitivity degrading to 24 fm/ √ Hz.
Discussion: Performance of the proposed graphene pre-amplifier along with relative contributions of various noise sources is summarized in Fig. 4a . Each point represents a pair of quadrature values X and Y , integrated over 20 ms. The yellow cluster correspond to displacements detected on SiNx, where the spread is set by the detector noise S I0 (larger than the SiNx thermal motion). The red cloud correspond to displacements measured on parametrically driven graphene (For device B, with V 0 p = 4.5 V, φ p = 135
• ). The elliptical shape of the data cluster indicates squeezing. Squeezing is especially evident in comparison with the circular black cloud of due to fluctuations of data point measured on un-pumped graphene. To show gain, the center of the red cluster is shifted with respect to yellow.
Relative strengths of intrinsic noise
12 contributions of the graphene pre-amplifier, on SiNx, are summarized in Fig. 4b . First, the thermal fluctuations of graphene produce back-action force on the target resonator (SiNx). The corresponding contribution in displacement spectral density, S 2 and inversely with the mass of graphene (Fig. 4b, blue curve) . On the contrary, the imprecision noise (S imp x 1/2 ), scales down with α/4π 2 but increases with m g . Therefore, there exists a critical coupling strength (α c /4π
2 ) or, equivalently, a critical mass (number of graphene layers n c ) for which the amplifier is quietest (adds minimum noise). For typical values of our devices (black point in Fig. 4b ), the parameters are close to optimal, with thermal back action force of graphene dominating the noise on SiNx.
Our results suggest several routes to further improve the performance of graphene pre-amplifiers. First, by controlling the mass or built-in tension, the noise sources of the resonators can be moved closer to the optimal in-tersection point in Fig. 4b . For graphene with similar tension as device B, we estimate that the optimal conditions are achieved for bilayer graphene. With further squeezing using electronic feedback 20 , one can go beyond the 6 dB (thermal) limit, thereby improving sensitivity without adding any back-action noise 12 .
In conclusion, we have demonstrated that graphene can serve as an all-mechanical amplifier for a coupled mode of a SiNx resonator. The amplifier has a gain of 38 dB, bandwidth of 38 kHz and an overall detection sensitivity of 17 fm/ √ Hz, limited by graphene thermal fluctuations. With further squeezing of the thermal noise through feedback, along with choice of optimal device parameters, graphene based motion amplifiers could thereby operate in a regime where the noise will be limited by the quantum fluctuations at room temperature. All author contributed in planning and designing the experiment. R. N. and K. B. fabricated the devices. R. S. and S. G. took and analyzed the data with model and simulations. R. S., K. B. and S. G. discussed the data and wrote the manuscript. S. G. supervised the project.
Method:
Experimental setup:
Motion of graphene and SiNx mechanical resonators is detected with a confocal microscope (spot-size of 2 µm) (Fig. 1b) , using a probe laser (ECDL,Toptica) at a wavelength of 780 nm. The microscope forms one arm of a Michelson interferometer while a second (reference) arm is actively stabilized using PI lock box to counter ambient vibrations. For a probe power of ∼ 0.4 mW, the stabilization sets our detection noise floor of 200 fm/ √ Hz. The probe, derived from a frequency and power stabilized external cavity diode laser, is detected with a balanced photo-detector of bandwidth of 45 MHz. Subsequently, a spectrum (network) analyser is used to detect (drive) displacement power spectrum of the graphene or SiNx target resonator. The sample is placed in a rough vacuum chamber (at a pressure of ∼ 10 mTorr), along with high voltage gate contacts. The chamber in turn is placed on a 3D scanning stage (Thorlabs) having active position locking, with a closed-loop position stability of 5 nm.
Sample Preparation:
Silicon nitride membranes (thickness 300 nm) are fabricated by depositing low-stress silicon-rich silicon nitride on both sides of a silicon chip. An array of holes of 15 and 20 um diameter is then patterned in the nitride using standard fabrication procedures. A metallic contact (20 nm Au) is deposited onto the top surface of the SiN to facilitate electrical gating. Monolayer chemical vapor deposition (CVD) graphene is then transferred onto holes in the nitride membranes. We use a high-quality atmospheric CVD growth and wet transfer. The samples are subsequently annealed in an Ar − H 2 environment at 350
• C. The graphene membranes remained clamped to the sample chip via van der Waals interactions forming suspended circular graphene membranes.
Supplementary Information: Motion transduction with thermo-mechanically squeezed graphene resonator modes
I. EXPERIMENTAL PARAMETERS:
A. Displacement Calibration from Thermal modes of graphene resonator
A vibrational mode of a suspended graphene resonator, driven thermally, can be modeled as a simple harmonic oscillator 1 :ẍ
The corresponding thermal displacement power spectrum then takes a form
where force spectral density S th
Here χ g is a linear response function:
On the contrary, the measured voltage power spectrum (S v,g (ω)) is expressed as
with S noise as the noise power introduced by our measurement setup and κ (measured in units of V 2 /m 2 ) is a voltage to displacement conversion factor. By fitting the Eq. S4 to experimentally measured thermal noise spectrum of the graphene drum, we extract the value of κ, ω g , Q g (quality factor of graphene), and S noise . To extract thermal displacement spectrum (in units of m/ √ Hz), experimental data (units of V/ √ Hz) is divided by √ κ. For the fundamental mode of a graphene resonator of diameter 20 µm, we use: m g = t = 0.625 × 10 −16 kg for fitting. Fig. S.1a shows a typical of the voltage spectrum along with fitting Lorentzian function and corresponding displacement spectrum. In Fig. S.1b , we plot the extracted thermal displacement (|x g |) of the fundamental mode which decreases with increasing gate voltage, in accordance with equipartition theorem. There is a corresponding monotonic decrease in the extracted quality factors (Fig. S.1c) . shows power spectrum at V g = 100 V, along with expected values for an ideal circular graphene resonator (blue dashed lines). Interestingly, we observe splitting of few modes. We attribute this to asymmetric tension in graphene and was verified numerically (COMSOL). Simulated resonance modes of graphene with varying the anisotropy (∆T ) shows splitting in modes with axes of symmetry. Mode frequencies for first 10 modes are plotted in Fig. S.2c . The simulation results are in overall agreement with the observations, explaining the emergence of splitting with increasing ∆T .
C. Silicon Nitride resonator
Graphene is supported on holes etched on a large area SiNx plate which has its own distinct vibrational modes. For the SiNx resonator of effective dimension of 320 × 320 × 0.3 µm 3 and density ρ s = 3100 kg/m 3 , we estimate its mass m s = 2.38 × 10 −11 kg. These values yield a thermal displacement power spectrum S 
D. Driven SiNx modes
We excite SiNx resonator modes photo-thermally, using a laser (DL pro, Toptica), which is amplitude modulated with a AOM and is incident at an angle. When SiNx is driven with the modulated laser beam, while the probe is focused on the same device, we observe a zoo of modes. These modes remain unaffected with gate voltage (Fig. 1d of the main text), are of relatively high quality factors (Q s ∼ 10
3 ) with eigenfrequencies f mn = T s /4ρ s L 2 √ m 2 + n 2 of that of a square membrane. Furthermore, the density of vibrational modes can be controlled by changing its inbuilt tension (T s ). In Fig. S.5a , the device with high built-in tension (device A) has smaller mode density as compared to low built-in tension (device B). Fig. S .5b represents hybrid mode resulting from interaction of graphene with many modes of SiNx in device B.
E. Graphene spectrum with probe power
We studied dependence of thermal motion of graphene's fundamental mode with increasing incident probe power that was varied from ∼ 200 µW to 3 mW and observed changes in displacement, frequency, quality factor and temperature by fitting the mode profiles.
We found that the absolute displacement for the fundamental mode of the graphene remains constant (∼ 160 pm) when the probe power is increased (Fig. S.4b ), while the resonance frequency redshifts by ∼ 50 kHz (Fig. S.4c) . We also estimated the effective mode temperature using equipartition theorem and have not observed significant changes with probe power below 1 mW (Fig. S.4e ). Based on these observations, we fixed probe power to ∼ 0.4 mW for all subsequent experiments.
II. ON THE THEORETICAL MODEL:
To describe graphene/SiNx interaction 2 , we consider a simple model of bilinear coupling of two harmonic oscillators with an effective interaction HamiltonianĤ int = αx gxs . The corresponding coupled equations are: 
where F g and F s are forces acting on graphene and SiNx oscillators respectively. Solving the above coupled equations, we get
Here χ g,s are the response functions (susceptibilities, scaled with the respective masses) of the bare graphene and SiNx oscillators, respectively and are defined as
where k = g, s. Rewriting, we get where C = . This expression fits well to the power spectra of thermally excited graphene-substrate coupled mode (Fig. 2a of main text).
III. MOTION TRANSDUCTION:
The SiNx target oscillator is coupled to a thermal bath, which sets its decay rate γ s along with a fluctuating thermal force F th s . Additionally, it is driven externally with a phase-coherent drive F d such that the total force acting on the oscillator takes a form F s (t) = F th s + F d (t). The equation of motion of the uncoupled SiNx target oscillator is
A. Interferometric detection scheme:
When this target oscillator is directly probed with an interferometer, the intensity I(t) at the detector takes a form
Here φ s (= 2π λ x s (t)) and φ r are phases corresponding to signal and reference arms with intensities I s (t) and I r (t), respectively. For small target oscillator displacements compared to wavelength, x s (t) λ, we approximate sin φ(t) ∼ φ(t), such that I(t) = I s (t) + I r (t) + ζ s x s (S.10) Figure S .6: Gain in device B: Displacement power spectrum on graphene due to coupling with the SiNx modes (Inset) resulting in massive gain.
C. Backaction on SiNx
Corresponding power spectrum of the SiNx target oscillator takes a form: 
D. Detection bandwidth of graphene
Detection bandwidth of graphene amplifier in device A is ∼ 38 kHz (Fig. 2a of the main text) whereas in device B due to interaction with more SiN mode the bandwidth is larger ∼ 196 kHz (Fig. S.5b ). 
IV. THERMO-MECHANICAL SQUEEZING IN GRAPHENE
The parametric amplification 4-6 can be represented as follows
where k is the intrinsic spring constant, k p (t)(= k 0 p cos(ω p t + φ p )) is the modulated spring constant, β is cubic nonlinear coefficient and η is nonlinear damping coefficient. In case of degenerate parametric amplification, graphene mode tension is capacitively modulated at twice the resonance frequency (ω p = 2ω d ). From above equation, when nonlinear terms are negligible parametric gain is represented as 
